Background: Low tidal volumes have been associated with improved outcomes in patients with established acute lung injury. The role of low tidal volume ventilation in patients without lung injury is still unresolved. We hypothesized that such a strategy in patients undergoing elective surgery would reduce ventilator-associated lung injury and that this improvement would lead to a shortened time to extubation Methods: A single-center randomized controlled trial was undertaken in 149 patients undergoing elective cardiac surgery. Ventilation with 6 versus 10 ml/kg tidal volume was compared. Ventilator settings were applied immediately after anesthesia induction and continued throughout surgery and the subsequent intensive care unit stay. The primary endpoint of the study was time to extubation. Secondary endpoints included the proportion of patients extubated at 6 h and indices of lung mechanics and gas exchange as well as patient clinical outcomes. Results: Median ventilation time was not significantly different in the low tidal volume group; a median (interquartile
L
OW tidal volumes are clearly beneficial for patients with established acute respiratory distress syndrome/ acute lung injury (ARDS/ALI). [1] [2] [3] However, the optimal mechanical ventilation of patients at risk of ARDS/ALI re-mains unclear. In theory, lung overdistention could contribute to lung injury among predisposed individuals, leading to prolongation of mechanical ventilation.
Gajic et al. 4 conducted a retrospective analysis of patients who did not have ARDS when mechanical ventilation was initiated. They observed that high tidal volume was an independent risk factor for ALI among patients with relatively normal gas exchange. The authors 4 concluded that strong consideration should be given to limiting large tidal volume, not only among patients with established ALI, but also for at-risk patients. Subsequent retrospective analyses have confirmed these findings. 5, 6 However, other researchers 7 have suggested that low tidal volume may be unnecessary in non-ALI cases and that it may lead unnecessarily to patient discomfort, increased work during breathing, high sedation requirements, autopositive end-expiratory pressure (PEEP; high respiratory rate), hypercapnia (low respiratory rate), and atelectasis. Thus, despite biologic plausibility and considerable retrospective data to support limiting tidal volume in all ventilated patients, equipoise remains regarding optimal tidal volume in non-ALI patients. Although various groups of surgical patients, but especially cardiac surgical patients, have been observed, 8 -20 these investigations have focused primarily on surrogate outcomes measures, leaving a lack of clarity regarding optimal perioperative ventilator strategy.
Therefore, we performed a randomized controlled trial comparing ventilation with 6 versus 10 ml/kg tidal volume for patients undergoing elective cardiac surgery. We hypothesized that using a low tidal volume ventilator strategy would reduce ventilator-associated lung injury and that this improvement would reduce time to extubation.
Materials and Methods

Setting and Patients
The trial (NCT00538161) was performed in the operating rooms and cardiac surgical intensive care unit (ICU) of Beth Israel Deaconess Medical Center (Boston, Massachusetts). The protocol was approved by the institutional review board. Informed consent was obtained from patients or from their nearest relatives. No commercial entities providing equipment or devices had a role in any aspect of this study.
Patients undergoing elective cardiac surgery were eligible for study enrollment. Exclusion criteria included emergent, nonscheduled surgery, cardiogenic shock (preoperative inotropic or intra-aortic balloon support), preexisting pulmonary disease (significant obstructive or restrictive lung disease), active infection (treated with antibiotics), and the need for single lung ventilation during the procedure.
The Society of Thoracic Surgeons database was used to collect demographic and clinical data and to calculate expected mortality rates. 21 Data were collected on ventilator settings, variables of gas exchange, lung mechanics, and secondary outcome variables (hospital mortality, length of hospital stay, duration of mechanical ventilation) by observers blinded to patient allocation.
Experimental Protocol
A block randomization scheme was used to allocate patients to one of two experimental groups. Study ventilator settings were applied immediately after induction of general anesthesia and continued throughout surgery and the subsequent ICU stay. Low Tidal Volume Group. Tidal volume was set to 6 ml/kg using predicted body weight.
For male patients, predicted body weight was calculated as follows: kg ϭ 50 ϩ 2.3 (height, in Ϫ 60); for female patients: kg ϭ 45.5 ϩ 2.3 (height, in Ϫ 60). PEEP and inspired oxygen fraction (FIO 2 ) levels were set according to a sliding scale as described by Acute Respiratory Distress Syndrome Network investigators.
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Control Group. Tidal volume was set to 10 ml/kg predicted body weight. PEEP and FIO 2 levels were set using the same sliding scale. In both groups, respiratory rates were adjusted to maintain a PCO 2 of 40 -55 mmHg and a pH higher than 7.25.
Anesthetic management of patients in both study groups was similar, consisting of anesthetic induction with propofol, fentanyl, and pancuronium. Anesthesia was maintained with isoflurane, fentanyl, and repeat doses of pancuronium, as required. In both study groups, ventilation was stopped during the period of cardiopulmonary bypass. At the end of bypass, lungs were manually reinflated under direct observation using a continuous positive airway pressure of 20 cm H 2 O. Patients were then returned to allocated ventilator settings. In the ICU, all patients were placed on assist-control ventilation and continued on study ventilation parameters until such time as they were deemed ready for extubation by the ICU team, which included a nurse practitioner, a respiratory therapist, and the bedside nurse. Readiness criteria included awake status (Riker Sedation-Agitation Scale score of 3 or 4), hemodynamic stability (minimal doses of nitroglycerin or phenylephrine), and adequate gas exchange (PaCO 2 Ͼ100 mmHg; FIO 2 ϭ 0.4; PEEP ϭ 5 cm H 2 O). Patients were then placed in protocol sequence; they were placed on pressure support ventilation, assessed using the rapid shallow breathing index on PEEP, receiving pressure support levels of 5 cm H 2 O, followed by a spontaneous breathing trial of 30 min. Patients who passed this sequence were then extubated. If a patient failed either the rapid shallow breathing index or spontaneous breathing trial, he or she was returned to pressure support ventilation. On failure of pressure support ventilation, the patient was returned to controlled mechanical ventilation using the assigned study settings. Although anesthesia and ICU teams were not blinded to ventilator settings, they were not part of the study team. Decisions on the need for reintubation or any other intervention were made by these teams based on their clinical assessments. The study team took no part in clinical care of study subjects.
Therapies other than mechanical ventilation were managed by primary anesthesia and ICU teams. These teams made use of extensive protocols to guide hemodynamic resuscitation, sedation, and use of ventilator bundles to prevent complications. These care standards were rigorously applied to both study groups.
Statistical Analysis
The primary endpoint of the study was time to extubation, which was defined as total time of intubation including reintubation. Secondary endpoints included the proportion of patients extubated at 6 h, indices of lung mechanics and gas exchange (respiratory system compliance, PaCO 2 -FIO 2 ratio), and patient outcomes (prolonged intubation, length of ICU/hospital stay, patient mortality at 28 days). Before trial initiation, preliminary data from our institution suggested a mean time to extubation after surgery of 1,200 min. To determine an appropriate sample size, we assumed that a low tidal volume strategy would lead to a 20% reduction in this time for the intervention group. Using this preliminary data, an SD of 400 min was calculated with 90% power to detect a 20% reduction in time to extubation. A two-tailed ␣ of 0.05 required a sample size of 60 subjects per study group with an adjustment for nonparametric distribution. We assumed no loss to follow-up. Because time to extubation is not expected to be a normally distributed variable, calculations were based on the nonparametric Mann-Whitney U test. After the enrollment of 120 subjects, the independent Data and Safety Monitoring Board recommended enrollment of an additional 30 subjects. The Data and Safety Monitoring Board's consideration was that stopping the trial at the prespecified endpoint would lead to equivocal results and that a more ethical approach would be to add patients in an attempt to reach a definitive answer regarding the study's hypothesis. The Data and Safety Monitoring Board dictated that an ␣-spending function be used to take into account this first look at the data. Data on continuous variables with normal distribution were presented as mean Ϯ SD; for nonnormally distributed variables, median (interquartile range) was used. Categorical data are shown as No. (%). Differences in categorical variables were assessed using chi-square tests and Cochran-Mantel-Haenszel tests for general associations and trends. Student t tests and Mann-Whitney U tests (non-normally distributed variables) were applied to continuous variables. Time to extubation was visualized using Kaplan-Meier curves, where extubation was an event, and observations were censored at 50 h. To preserve the overall ␣ level at 0.05, a P value below 0.049 (two-sided) in the final analysis of the primary outcome was considered statistically significant. For physio- logic variables, we adjusted the significance criterion to accommodate multiple comparisons. Using the Bonferroni correction, we considered a P value below 0.008 statistically significant for each parameter tested over time (six time points). For all other analyses, a P value of less than 0.05 (two-sided) was considered statistically significant. Statistical analyses were performed using SPSS (version 18; SPSS Inc., Chicago, IL).
Results
The current study was performed from September 2007 to July 2009. Six hundred and twenty-one patients were assessed for study eligibility and 149 patients were enrolled ( fig.  1 ). One patient in the low tidal volume group had an unexpectedly difficult intubation followed by profound hypoxemia and did not receive ventilation per study protocols. A second patient in the low tidal volume group required unplanned single lung ventilation during surgery. At the end of surgery, this subject was returned to study-allocated ventilation settings. These patients are included in the analysis on an intention-to-treat basis. Subject characteristics were well matched at baseline (table 1). It is noteworthy that the mean Ϯ SD Society of Thoracic Surgeons predicted mortality score was 2.87 Ϯ 2.97 in the control group and 2.72 Ϯ 3.31 (P ϭ 0.80) in the low tidal volume group, indicating a patient population at mild to moderate risk. There were no significant differences between study groups in terms of types of surgery or operative complications, except for a higher incidence of complete heart block in the control group (table 2; 9.5 vs. 0%; P ϭ 0.01). Total doses of propofol, fentanyl, and pancuronium administered in the operating room and ICU are presented in table 2. These measures were not significantly different between the two study groups.
Ventilator parameters are presented in table 3. At baseline, all but 1 patient had a PaCO 2 -to-FIO 2 ratio greater than 200. By design, tidal volumes were significantly lower in the low tidal volume group at all time points, indicating good adherence to the study protocol. Although PaCO 2 was significantly lower in the low tidal volume group immediately after cardiopulmonary bypass, it was not significantly different in the ICU ( fig. 2) . PCO 2 was significantly higher in the low tidal volume group at intubation, immediately after cardiopulmonary bypass and until 4 h after ICU admission ( fig. 2) . Median total ventilation time was not significantly shorter in the low tidal volume group when compared with controls (7.5 vs. 10.7 h; P ϭ 0.10; table 4). Overall, at 6 h from intubation, 37.3% of patients in the low tidal volume group were free of any ventilation compared with 20.3% in the control group (P ϭ 0.02; table 4). By 8 h from ICU admission, 53.3% of patients in the low tidal volume group and 31.1% of controls were extubated (P ϭ 0.006). KaplanMeier analysis ( fig. 3) demonstrates that, by 16 h, the curves describing time to extubation between the two study groups converged, as would be expected in patients undergoing elective surgery. Patients in the control group had a significantly higher rate of reintubation (9.5 vs. 1.3%; P ϭ 0.03).
Length of ICU stay was not significantly different between the low tidal volume and control groups (31.3 vs. 34.5 h; P ϭ 0.35; table 4). Although hospital length of stay was shortened in the low tidal volume group (5.0 vs. 5.5 days; P ϭ 0.16; table 4), this difference did not reach statistical significance.
We examined the relationship between perioperative blood transfusion and the duration of mechanical ventilation. Transfusion rates before, during, and after surgery were similar in the two study groups (table 2) . Patients who were transfused before surgery did not differ from other subjects with regard to total ventilation time. The 54 subjects who required transfusion during cardiac surgery did, however, have a longer median (interquartile range) total ventilation time when compared with those who were not transfused (969 [533-1,369] vs. 450 [255-692]min; P Ͻ 0.001). Because the proportion of patients requiring transfusion either before or during cardiac surgery was similar between study groups, adjustment for the need of the transfusion is not expected to alter the results of this randomized trial.
Discussion
In this study, although we found that using low tidal volume ventilation for patients undergoing elective cardiac surgery did not shorten the time to extubation, there were statistically significant differences in secondary outcomes. Specifically, significantly more patients were extubated and breathing without assistance at 6 -8 h after surgery in the low tidal volume group. This study group also had reduced need for postoperative reintubation. Although the primary outcomes of this study showed no change with low tidal volume ventilation, secondary outcomes suggest that this ventilation strategy may still confer patient benefits. These advantages were obtained at no cost in increased complications. Substantial preclinical data suggest that ventilation with large tidal volumes and high airway pressures may lead to ventilator-induced lung injury. 22 This finding has been consistent among patients with healthy versus previously injured lungs. Ventilation with low tidal volumes in patients with ARDS/ALI is now the standard of care.
1,2,23-26 However, patients with ALI represent a minority of ventilated ICU patients and an even smaller fraction of those ventilated in the operating room. It has been suggested that other patients may also benefit from low tidal volumes. 27, 28 This hypothesis, however, has not been adequately tested. Several retrospective studies have demonstrated that ventilation with high tidal volumes may lead to ALI, presumably secondary to ventilator-induced lung injury. 4 -6 A number of studies have examined biochemical markers of lung injury among patients undergoing anesthesia for major surgery, mainly cardiac surgery. These patient groups were appropriate models of short-term ventilation in patients who, although without preexisting lung injury, are at risk of ALI. The results of these studies have been mixed, with some investigators showing increases in serum and bronchoalveolar lavage markers of injury 10, [13] [14] [15] [16] 19 whereas others have not. 11, 12, 17, 18 There have been remarkably few trials examining clinical outcomes associated with low tidal volume ventilation strategies in otherwise healthy populations. In 1990, Lee et al. 29 randomly assigned 103 surgical ICU patients to ventilation with 6 vs. 12 ml/kg tidal volume. Although those authors 29 found trends towards fewer pulmonary infections, shortened ventilator times, and reduced length of ICU stay, the only statistically significant result was decreased oxygenation in the low tidal volume group. A subsequent study of 25 patients undergoing coronary artery bypass grafting reported improved lung compliance when patients were randomly assigned to 6 ml/kg tidal volume rather than 12 ml/kg. 9 Recently, Determann et al. 20 reported the results of a larger randomized controlled trial. In that trial, 150 patient without ARDS/ALI were allocated to 6 versus 10 ml/kg tidal volume. Researchers 20 demonstrated a statistically significant reduction in circulating plasma IL-6 levels in the low tidal volume group. In addition, it is noteworthy that this study was stopped early as a result of an increased incidence of ALI in the higher tidal volume group. Our study extends and expands on this work by reporting the influence of tidal volume limitation on clinically relevant outcomes in elective cardiac surgery. However, we were unable to demonstrate a statistically significant impact of low tidal volume ventilation on time to extubation in cardiac surgical patients.
Our study has several limitations. It was a single-center study with a small group of investigators. The teams caring for the patients in the ICU were not blinded to patient allocation. Lack of blinding may lead to changes in care during the experimental arm of a trial, which is systematically different from the control arm based on either conscious or subconscious influences on decisions. These factors may influence clinical outcomes and study results. Although we recognize the importance of blinding, we are aware of no major mechanical ventilation study that has effectively accomplished it. Even when attempts at blinding have been made, it is obvious to the caregivers who is in which group based on blood gases, physical examination, imaging, etc. Therefore, to avoid subtle differences in patient care during the experimental versus control arm of the investigation, we carefully and to the best of our ability protocolized care in all nonventilator aspects of patient management. That is, we included study protocols for sedation, weaning, fluid resuscitation, blood transfusion, nutrition, glucose control, antibiotic therapy, and so forth. It is for this reason that we are reasonably confident that patient care did not differ in any systematic way between the two experimental groups. We have reviewed available data regarding blood transfusions and sedation use and found these to be balanced between groups; however, we did not systematically assess compliance with the other protocols as they are well established in our institution. We are unable to detect any subtle differences in patient care between study groups. We doubt that clinical outcomes were impacted by undetected differences in clinical management. In addition, the structure of our cardiac ICU is such that the decision to extubate is made by clinical nurse practitioners, bedside nurses, and respiratory therapists based on predefined criteria rather than cardiac surgeons or investigators. Thus, important decisions regarding patient care were largely out of the hands of potentially biased individuals. However, the generalizability of our conclusions should be further tested in a larger randomized controlled trial. Finally, the primary endpoint of our study was time to extubation. We chose not to use cytokine levels in the plasma as a marker of lung injury. This decision was made because previous studies using this outcome have shown mixed results. In addition, this outcome is difficult to interpret in the setting of cardiac surgery. Thus, many have questioned the clinical relevance of cytokine levels in isolation (i.e., without corroborative clinical outcome measures). We chose time to extubation rather than more robust outcomes, such as ventilator-induced lung injury as indicated by the clinical manifestation of ARDS/ALI or mortality. Mortality in cardiac surgical patients is expected to be below 2%, with a similarly low incidence of ARDS/ALI, making detection of intervention effects on mortality dependent on high volume patient enrollment. Although an alternative strategy would be to design such a study around composite outcomes, the clinical relevance of such an approach has been called into question. 30, 31 The physiologic rationale for limiting tidal volume in the absence of lung injury deserves some discussion. For example, if large tidal volumes themselves could cause lung injury, then one would predict that exercising athletes would be subject to similar risk. There are several lines of logic that might suggest a strategy to limit tidal volume may be useful outside the setting of ARDS/ALI. First, in contrast to exercising athletes, evidence of systemic inflammation is known to occur in the operating room and after cardiac bypass. 32 As a result, there may be several factors predisposing patients to lung injury in the postoperative setting, providing a rationale for limiting ventilator-induced lung stress. Second, some evidence suggests that ARDS/ALI can go unrecognized in many patients. For example, gradual increases in FIO 2 in response to pulse oximetry can occur without a full appreciation for the fact that the PaO 2 /FiO 2 ratio has fallen below 300 mmHg. Similarly, several studies have suggested that subtle bilateral infiltrates can be underappreciated on portable ICU films. 33 Thus, treatment for ARDS/ALI may be delayed or may not occur unless tidal volumes are empirically lowered. 34 Third, classic physiology studies have estimated shear forces at junctions of normal and abnormal lung. 35 Such forces can be well in excess of any applied pressure, suggesting that parenchymal heterogeneity may be a major contributor to risk of ventilator-induced lung injury. Indeed, in the setting of cardiac surgery, left lower lobe collapse and atelectasis is highly prevalent, emphasizing that parenchymal heterogeneity is likely present in the majority of postoperative cardiac surgery patients. Thus, there exists a strong biologic basis for the notion that limiting tidal volume may be advantageous beyond the setting of ALI.
In conclusion, reduction of tidal volume in mechanically ventilated patients undergoing elective cardiac surgery does not shorten time to extubation. Observed improvements in secondary outcomes (e.g., extubation at 6 and 8 h after surgery, reduced rates of reintubation) suggest that further study in a larger cohort of patients is needed. Similar studies in other groups of ventilated patients who do not have ARDS/ ALI should also be considered.
